Cdc28-as caused rapid loss of Swe1 hyperphosphorycannot be seen on this gel (Hadwiger et al., 1989) . The purified Clb2/Cdc28 was able to induce quantitative hylation. We conclude that Swe1 hyperphosphorylation is dependent upon Cdc28 activity in vivo. In addition, perphosphorylation of Swe1, as indicated by a shift in electrophoretic mobility ( Figure 1E ). The shift is depenSwe1 hyperphosphorylation is highly dynamic and requires continuous signaling from Cdc28. dent upon the presence of ATP, indicating that it is due to phosphorylation. To ensure that phosphorylation of Swe1 is not due to a contaminating kinase activity, we Clb2/Cdc28 Binds and Phosphorylates Swe1 To test whether Swe1 is a direct substrate of Clb2/ carried out the same reactions using Clb2/Cdc28-as complexes. Addition of 1NM-PP1 to these reactions Cdc28 complexes, we utilized proteins purified from yeast by immunoaffinity chromatography. Briefly, we strongly inhibited hyperphosphorylation of Swe1, consistent with the idea that Swe1 is a direct substrate of expressed 3×HA-tagged versions of Swe1 and Clb2 and bound the tagged proteins to anti-HA beads. After Clb2/Cdc28 complexes ( Figure 1E ). To provide further support for direct phosphorylation washing with buffer, the proteins were eluted with an excess of an HA dipeptide. The purifications were carof Swe1 by Clb2/Cdc28, we tested whether these proteins associate with each other. Purified Swe1 was ried out in the presence of 1.0 M KCl to remove weakly associating proteins. The purified proteins are shown in added to Clb2/Cdc28 complexes bound to beads. The beads were then washed, and Western blotting was Figure 1D . Immunoglobulin heavy chain and copurifying chaperone proteins are marked with an asterisk and arused to test for Swe1 binding. Swe1 bound to beads that carry Clb2/Cdc28 but not to control beads (Figure rows, respectively. Analysis of the Clb2/Cdc28 complexes by mass spectrometry indicated that the Cks1 2A, compare lanes 1 and 5). The same result was obtained when we used a version of Cdc28 in which the protein is also present, as expected from previous work; however, Cks1 is of low molecular weight and conserved tyrosine phosphorylated by Swe1 was changed (A) Extracts made from wild-type cells or cells carrying Cdc28-Y19F were arrested in mitosis with benomyl, and Clb2/Cdc28 complexes were immunoprecipitated in the presence of 1 M KCl using affinity-purified anti-Clb2 polyclonal antibody. Control precipitations were carried out using an affinity-purified polyclonal antibody raised against maltose binding protein. Purified Swe1 was added to the precipitated Clb2/Cdc28 complexes, and after allowing time for binding, the unbound Swe1 was washed away. The immunoprecipitates were then divided in half, ATP was added to one half, and Swe1 hyperphosphorylation was assayed by Western blotting. (B) The indicated combinations of purified proteins were incubated in the presence of [γ-32 P]ATP, and phosphorylation events were assayed by autoradiography after SDS-PAGE. An anti-Cdc28 Western blot of the purified Clb2/Cdc28 complexes shows that equal amounts of Clb2/ Cdc28 and Clb2/Cdc28-Y19F were added to the reactions. (C) Purified wild-type Swe1 or Swe1-N584A was incubated in the presence of wild-type Clb2/Cdc28 under the same conditions as (B). (D) The fully hyperphosphorylated form of Swe1 is unstable in crude extracts. The fully hyperphosphorylated form of 3×HA-Swe1 was generated in vitro and then mixed with sample buffer containing phosphatase inhibitors. Half of the sample was used to prepare a cell lysate under the standard conditions that we used for Western blotting, while the other half was used as a control. 3×HA-Swe1 was detected with an anti-HA antibody.
to a phenylalanine (Cdc28-Y19F) (Figure 2A, 1 and 2) . Surprisingly, when the same experiment was carried out using Clb2/Cdc28-Y19F added it to the SDS-PAGE sample buffer that we used to make cell extracts for Western blots. The sample complexes, Swe1 was hyperphosphorylated to a much greater extent (Figure 2A, compare lanes 2 and 4) .
buffer with the added 3×HA-Swe1 was then used to make a crude cell extract under the conditions that we Western blotting controls showed that there were equal amounts of Cdc28 and Cdc28-Y19F in the reactions normally use to detect Swe1 hyperphosphorylation during the cell cycle. Western blotting revealed that the ( Figure 2A ). Hereafter, we will refer to the phosphorylation of Swe1 by Cdc28 as "partial hyperphosphorylacrude extract caused the fully hyperphosphorylated form of Swe1 to completely disappear ( Figure 2D (Figure 2B, compare lanes 1 and 4) . When Swe1 was and 3B). Surprisingly, only 8 of the 19 sites resemble added to Clb2/Cdc28-Y19F complexes, it was no the Cdc28 core consensus site (S/TP). Clb2/Cdc28-longer able to phosphorylate Cdc28 or inhibit phos-Y19F phosphorylated an additional 14 serines or threophorylation of Clb2. However, Swe1 was fully hypernines not followed by a proline. We also detected two phosphorylated ( Figure 2B , compare lanes 4 and 5). phosphorylated tyrosines (Y187 and Y357) that are Note that this experiment used a higher-percentage likely due to Swe1 autophosphorylation. To confirm that these sites are also phosphorylated polyacrylamide gel to allow resolution of Cdc28. As a result, the Swe1 electrophoretic mobility shift is less in vivo, we mapped phosphorylation sites on partially hyperphosphorylated Swe1 purified from cells. Since it dramatic. Western blotting controls demonstrated that there were equal amounts of Cdc28 and Cdc28-Y19F
has not yet been possible to purify the endogenous hyperphosphorylated form of Swe1, we used the GAL1 in the reactions ( Figure 2B) . These experiments suggested that phosphorylation promoter to express 3×HA-Swe1 and a version of Clb2 lacking the destruction box. This caused cells to arrest of Swe1 in vitro is due entirely to Clb2/Cdc28 activity. However, it remained possible that part of the Clb2/ in mitosis with 3×HA-Swe1 in the partially hyperphosphorylated form (data not shown). The 3×HA-Swe1 was Cdc28-induced phosphorylation of Swe1 was due to Swe1 autophosphorylation. For example, initial phospurified by immunoaffinity chromatography in the presence of very high concentrations of phosphatase inhibiphorylation of Swe1 by Clb2/Cdc28 could activate Swe1 to undergo extensive autophosphorylation. To tors, which proved to be critical for preservation of the phosphorylation state of Swe1. Mapping data revealed test this possibility, we constructed and purified a catalytically inactive version of Swe1 in which we changed that the in vivo form of 3×HA-Swe1 isolated in this manner was phosphorylated on 16 of the 19 sites that were a conserved asparagine in the catalytic domain to an alanine (Swe1-N584A) (see Figure S1 in the Supplemenphosphorylated by Clb2/Cdc28 in vitro (Table 1) . Phosphorylation of the additional three sites may have been tal Data available with this article online). When purified Swe1-N584A was incubated in the presence of Clb2/ lost during purification. The mapped sites also included 7 of the 14 sites that were uniquely phosphorylated by Cdc28 and [γ-32 P]ATP, it failed to phosphorylate Cdc28 or inhibit phosphorylation of Clb2 but was fully hyperCdc28-Y19F in vitro. Since our studies did not allow quantitative determination of the phosphorylation stoiphosphorylated relative to wild-type Swe1 ( Figure 2C ). These experiments demonstrated that Swe1 autophoschiometry, these sites may be phosphorylated on a small fraction of the purified 3×HA-Swe1. One might phorylation does not contribute significantly to Swe1 hyperphosphorylation under these conditions. expect these sites to be phosphorylated if Mih1 is active in cells arrested in mitosis, which would lead to We noted that Clb2/Cdc28-Y19F appeared to fully hyperphosphorylate purified Swe1 in vitro to a greater continual cycles of phosphorylation and dephosphorylation of Cdc28 and consequent cycles of Swe1 hyperextent than Swe1 is hyperphosphorylated in vivo, as determined by direct comparison of the electrophoretic phosphorylation and dephosphorylation. 
The in vivo mapping experiments also identified 12
We first addressed the significance of phosphorylation of Swe1 by Clb2/Cdc28. To do this, we made a sites that were not phosphorylated in vitro by Clb2/ Cdc28. It is therefore likely that additional kinases mutant version of Swe1 in which 18 of the 19 sites phosphorylated by Clb2/Cdc28 in vitro were converted phosphorylate Swe1 in vivo. Four of these sites were previously found to be phosphorylated by Cla4 or Cdc5 to alanines (swe1-18A). The serines at S156-S160 were not mutated due to ambiguities in the mapping data. in vitro (S36, S118, S379, and S610) (Sakchaisri et al.,  2004) .
The endogenous SWE1 gene was replaced with the swe1-18A mutant. To test the effect of the mutations 3C). We also assayed levels of the cyclin Clb2 to monitor cell-cycle progression ( Figure 3D Figure 3E ). In addito efficiently phosphorylate Cdc28, failure to form a stable complex, dissociation of Clb2/Cdc28, and rapid detion, swe1-18A cells entered mitosis prematurely and showed a small-cell phenotype similar to swe1⌬ (Figphosphorylation of Cdc28 by Mih1. We found that deletion of the MIH1 gene significantly restored Cdc28 ures 4A and 4B). Note in Figure 3D that Clb2 levels peaked and declined earlier in swe1-18A cells relative tyrosine phosphorylation in swe1-18A cells, which is consistent with the model ( Figure 5B ). Interestingly, to wild-type, providing further evidence for premature entry into mitosis ( Figure 3D ). Overexpression of Swe1-however, the timing of Cdc28 tyrosine phosphorylation was different in swe1-18A or swe1-18A mih1⌬ cells. In 18A from the GAL1 promoter failed to arrest the cell cycle at G2/M in the same way as wild-type Swe1 (Fig- wild-type cells, tyrosine phosphorylation peaked before Clb2 reached peak levels, as expected if tyrosine phosure 4C). Taken together, these observations demonstrate that swe1-18A behaves similarly to swe1⌬. phorylation delays entry into mitosis. In swe1-18A or swe1-18A mih1⌬ cells, however, tyrosine phosphorylation of Cdc28 followed Clb2 levels. This would be expected if Swe1-18A is able to phosphorylate Cdc28 at Clb2/Cdc28 Stimulates the Kinase Activity of Swe1 One possible explanation for these results is that Swe1-a low rate but is unable to form a stable complex with Clb2/Cdc28 that protects Cdc28 from dephosphoryla-18A is not active as a Cdc28 tyrosine kinase. We therefore carried out in vitro kinase assays to compare the tion prior to entry into mitosis. Note that Cdc28 appeared to undergo dephosphorylation in the absence ability of Swe1 and Swe1-18A to phosphorylate Clb2/ Cdc28. To ensure that the assays were carried out unof Mih1, which suggests that there is another phosphatase that can dephosphorylate Cdc28. der conditions where substrate is in excess, we added two amounts of Swe1 to the assay. The assays demonInterestingly, the unphosphorylated form of Swe1 and Swe1-18A were able to form a complex with Clb2/ strated that Swe1-18A has reduced kinase activity (Figure 4D) . This was somewhat unexpected because none Cdc28 in vitro but not in vivo (Figure 2A and Figure S2 ). This suggests that there is an activity in yeast cells that of the mutations in swe1-18A is near the kinase domain ( Figure 3A) . We therefore considered the possibility that inhibits the association of unphosphorylated Swe1 with Clb2/Cdc28. phosphorylation of Swe1 by Clb2/Cdc28 is required for full activation of Swe1. To test this, we set up kinase Taken together, these data suggest that partial hyperphosphorylation of Swe1 by Clb2/Cdc28 leads to actireactions containing Swe1 and Clb2/Cdc28-as or control reactions containing Swe1 and Clb2/Cdc28. We vation of the inhibitory activity of Swe1 and formation of a complex that maintains Clb2/Cdc28 in the tyrosinethen determined whether inhibition of Cdc28-as with phosphorylated state. 1NM-PP1 inhibited the ability of Swe1 to phosphorylate Cdc28-as. In the control reactions, addition of 1NM-PP1 had no effect upon phosphorylation of Cdc28 by
The Fully Hyperphosphorylated Form of Swe1 Swe1 or phosphorylation of Clb2 by Cdc28, as exDissociates from Clb2/Cdc28 pected ( Figure 4E ). In contrast, 1NM-PP1 completely We next addressed the functional significance of full inhibited phosphorylation of Clb2 by Cdc28-as and hyperphosphorylation of Swe1 by Clb2/Cdc28-Y19F. strongly inhibited phosphorylation of Cdc28-as by An important clue came from experiments in which we Swe1 ( Figure 4E ). Similar reactions were carried out tested for interactions between Swe1 and Clb2/Cdc28-using Swe1-18A. In this case, we found that inhibiting Y19F. In coimmunoprecipitation assays, Swe1 copreCdc28-as had little effect on the low basal activity of cipitated with wild-type Clb2/Cdc28 in crude extracts Swe1-18A, as expected if Cdc28-as is unable to phosbut completely failed to coprecipitate with Clb2/Cdc28-phorylate and activate Swe1-18A ( Figure 4E ). We con-Y19F ( Figure 6A ). The same result was obtained when clude that Swe1 has a low basal kinase activity toward we carried out the reciprocal experiment to determine Cdc28 that is stimulated when Swe1 is partially hyperwhether Clb2/Cdc28 or Clb2/Cdc28-Y19F coprecipitated with Swe1 (data not shown). These results sugphosphorylated by Clb2/Cdc28. Extracts were made from rapidly growing cells of each strain, and Clb2-3×HA was immunoprecipitated with an anti-HA antibody. As a control, identical precipitations were carried out using an anti-GST antibody. Coprecipitation of Swe1 was assayed by Western blotting. The panels labeled "Extract" show Western blots of 3×HA-Clb2 and Swe1 in the crude extracts used for the immunoprecipitations demonstrating that equal amounts of each protein were present. Note the reduced levels of Cdc28 phosphotyrosine in the swe1-18A extract. (B) Wild-type, swe1-18A, and swe1-18A mih1⌬ cells were arrested in G1 by addition of α factor. After release from the arrest, samples were taken every 10 min at the indicated times, and Western blotting was used to assay levels of Clb2 and Cdc28 phosphotyrosine.
gested that the fully hyperphosphorylated form of Swe1 Y19F were changed to alanines. This allele caused a short delay in entry into mitosis; however, we found that dissociates from Clb2/Cdc28. This possibility was tested with purified proteins. Clb2/Cdc28 or Clb2/ it still underwent nearly full hyperphosphorylation in vivo and in vitro (data not shown). Examination of the Cdc28-Y19F was bound to beads, and purified Swe1 was added to form complexes, as in the experiment N-terminal 443 amino acids of Swe1 revealed that there are 108 serines or threonines. It therefore appears that shown in Figure 2A . The complexes were then divided into two aliquots, and ATP was added to one to induce there are numerous alternative phosphorylation sites that can be used when the 14 sites normally phosphorSwe1 hyperphosphorylation. Finally, the beads were washed with buffer, and association of Swe1 was asylated by Cdc28-Y19F are converted to alanines. Additional work will be necessary to define the function of sayed by Western blotting. This experiment revealed that the fully hyperphosphorylated form of Swe1 dissofull hyperphosphorylation of Swe1. ciates from Clb2/Cdc28-Y19F complexes in vitro, while partially phosphorylated or unphosphorylated Swe1 reDiscussion main associated ( Figure 6B ).
Taken together, these results suggest that dephosWee1-related kinases are thought to delay entry into mitosis until appropriate conditions have been met. In phorylation of Cdc28 triggers full hyperphosphorylation of Swe1 and release of the Clb2/Cdc28 complex. To test both budding yeast and fission yeast, it has been proposed that Wee1-related kinases delay entry into mitothis idea in vivo, we generated a mutant version of Swe1 in which the 14 sites uniquely phosphorylated by Cdc28-sis until a critical size has been reached (Fantes and inactive Clb2/Cdc28 that can be rapidly and coordinately activated to trigger entry into mitosis. DephosNurse, 1975; Rupes, 2002) . However, alternative models have been proposed, and it has been difficult to phorylation of Cdc28 by Mih1 allows full hyperphosphorylation of Swe1 by Clb2/Cdc28 and release of the precisely define the physiological and molecular signals that impinge upon Wee1-related kinases to reguClb2/Cdc28 complex. Cdc28 is therefore both a positive and negative regulator of Swe1. late entry into mitosis (Lew, 2003 Figure 6B . We propose that Swe1 binds newly made Clb2/Cdc28 complexes as they appear in late G2. tion of mitotic Cdk1 from Xenopus egg extracts prevents Wee1 hyperphosphorylation (Mueller et al., 1995) . Sequential reciprocal phosphorylation events between Swe1 and Clb2/Cdc28 lead to partial hyperphosphoryAlthough attractive, this model has never been tested by determining whether direct phosphorylation of Wee1 lation of Swe1 and to phosphorylation and inhibition of Cdc28. Partial hyperphosphorylation of Swe1 stimuby Cdk1 leads to inhibition of Wee1. It has therefore remained possible that the inhibition of Wee1 observed lates the ability of Swe1 to phosphorylate Cdc28 and is required in vivo for formation of a Swe1-Clb2/Cdc28 in mitotic extracts is due to other factors that inhibit Wee1 kinase activity rather than to direct phosphorylacomplex that maintains Clb2/Cdc28 in an inhibited state. One function of Swe1 at this point may be to act tion by Cdk1. In addition, it has remained unknown how Cdk1 can phosphorylate Wee1, since Wee1 is an inhibias a buffer that binds and inactivates newly made Clb2/ Cdc28, thereby allowing generation of a large pool of tor of Cdk1.
Our work with budding-yeast Swe1 provides new to efforts to understand the mechanisms that control entry into mitosis. Resolution of this complex is likely support for key aspects of this model. Clb2/Cdc28 dito represent a critical step in the series of events that rectly phosphorylates Swe1, and full hyperphosphorylead to mitotic entry. Perhaps the most simple model lation of Swe1 triggers dissociation from Clb2/Cdc28, for entry into mitosis is that activation of Mih1 results which is likely to relieve inhibition of Cdc28 kinase acin dephosphorylation of Cdc28, hyperphosphorylation tivity. Moreover, the ability of Clb2/Cdc28 to activate of Swe1, and release of active Clb2/Cdc28. In this Swe1 explains how Clb2/Cdc28 can phosphorylate its model, the critical decision to enter mitosis would be own inhibitor. In contrast to the Xenopus model, howmade by regulating Mih1. Interestingly, recent work in ever, it appears that Clb2/Cdc28 cannot act alone to fission yeast has suggested that coordination of cell inactivate Swe1. Rather, dephosphorylation of Cdc28 growth and cell division at G2/M may work primarily appears to be a critical step that triggers full hyperthrough regulation of Cdc25, the fission-yeast Mih1 hophosphorylation of Swe1 and release of Clb2/Cdc28. It molog (Rupes et al., 2001 ). In addition, work in Drotherefore seems unlikely that there is a simple feedback sophila and fission yeast has shown that Cdc25 activity loop in which Clb2/Cdc28 works alone to inactivate can be limiting for entry into mitosis (Edgar and O'FarSwe1.
rell, 1989, 1990; Rupes et al., 2001; Russell and Nurse, Previous work reached the conclusion that binding of 1986). However, we suspect that entry into mitosis will Swe1 contributes to inhibition of Cdc28 independently be more complex and will require intricate regulation of of Cdc28 tyrosine phosphorylation (McMillan et al., both Swe1 and Mih1. The finding that inhibition of 1999b). In these experiments, a putative inactive form Cdc28 causes rapid loss of Swe1 hyperphosphorylaof Swe1 was generated by mutating a conserved lytion in vivo demonstrates that there is a highly active sine in the kinase domain to a proline (Swe1-K473P).
phosphatase that acts on Swe1. One might imagine Overexpression of Swe1-K473P caused a prolonged that this phosphatase acts continuously on Swe1 to mitotic delay; however, we made a similar allele of counteract the activity of Cdc28, thereby causing Swe1 Swe1 and found that it retained kinase activity (Figure to undergo continuous rounds of phosphorylation and S1). Work on another kinase independently reached the dephosphorylation. In this case, the phosphorylation conclusion that the conserved lysine mutated in the state of Swe1 would depend on the relative activities swe1-K473P mutant is not always required for catalytic of Cdc28 and the phosphatase, and inhibition of the activity (Xu et al., 2000) . Overexpression of a true cataphosphatase would be required for hyperphosphorylalytically inactive Swe1 (Swe1-N584A) does not cause a tion of Swe1 and resolution of the Clb2/Cdc28 comprolonged mitotic delay ( Figure S1 and S Wee1-related kinases and entry into mitosis. , 1998) . A 1.6 ml sample was removed to be lated form of Swe1 (T196) that was used as a substrate for Clb2/ mock treated with DMSO, and 25 M 1NM-PP1 was added to the Cdc28 and Clb2/Cdc28-Y19F. Since this is a Cdc28 consensus site, remaining cells. Samples were collected at 1, 2.5, and 5 min after we think that it is likely that this site was already phosphorylated addition of 1NM-PP1. The mock-treated sample was collected after by Cdc28 in vivo. The buffer that we used to purify the 3×HA-Swe1 5 min. Swe1 hyperphosphorylation was assayed by Western blotfor the in vitro mapping experiments did not fully inhibit phosphating as previously described (Harvey and Kellogg, 2003) .
tases, and significant dephosphorylation of 3×HA-Swe1 occurred To determine the effects of inhibiting Cdc28 during a normal cell during purification. It is likely that we would have identified even cycle, cdc28-as cells (JAU05) were arrested in G1 using α factor. more sites on the "unphosphorylated" form of 3×HA-Swe1 if we The culture was released from the arrest into fresh YPD media at had purified it from cells in the presence of a buffer that fully inhib-30°C, and a 1.6 ml sample was removed at 90 min to be mock ited dephosphorylation. For mapping of in vivo phosphorylation treated with DMSO. Twenty-five micromolar 1NM-PP1 was added sites, we used a buffer that more completely inhibited dephosphorto the remaining cells, and 1.6 ml samples were collected at 1, ylation of Swe1. 2.5, 5, and 10 min. The mock-treated sample was collected after 10 min.
Supplemental Data Immunoaffinity Purifications and Kinase Assays
Supplemental Data include Supplemental Experimental ProImmunoaffinity purifications of Clb2-3×HA/Cdc28, Clb2-3×HA/ cedures, one table, and two figures and can be found with this Cdc28-as, 3×HA-Swe1, 3×HA-Swe1-18A, and 3×HA-Swe1-8A were article online at http://www.cell.com/cgi/content/full/122/3/407/ carried out in the presence of 1M KCl using the same protocol used DC1/. previously to purify Gin4, with some modifications (Mortensen et al., 2002) . Kinase assays were carried out by mixing purified proteins together in the presence of ATP. In some cases, kinase assays Acknowledgments were carried out with purified Clb2/Cdc28 complexes bound to beads with anti-Clb2 antibodies. 
